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1. Introduction 


Desiccant materials attract moisture based on differences in 
vapor pressure. Due to their enormous affinity to sorb water and 
considerable ability to hold water, desiccants have been widely 
applied to marine cargo, pharmaceutical, electronics, plastics, food, 
storage, etc. [1]. Recently, the rapid development of desiccant air 
conditioning technology, which can handle sensible and latent 
heat loads independently without using CFCs and consuming a 
large amount of electric power, and thus meet the current 
demands of occupant comfort, energy saving and environmental 
protection, has expanded desiccant industry to a broader niche 
applications, such as hospitals, supermarkets, restaurants, thea- 
ters, schools and office buildings. 

The basic idea of desiccant air conditioning is to integrate the 
technologies of desiccant dehumidification and evaporative cool- 
ing together. While the former adopts water as refrigerant and can 
be driven by low grade thermal energy as solar energy, district 
heating, waste heat and bioenergy, the later is near-zero cost 
technology [2]. These indicate that desiccant air conditioning 
would be not only energy efficient and environment-friendly but 
also cost-competitive, especially for hot dry and hot humid areas. 
Besides, since desiccants remove moisture in the vapor phase 
without liquid condensate, desiccant dehumidification can con- 
tinue even when the dew point of the air is blew freezing; in 
contrast, cooling-based dehumidification is limited by freezing 
phenomenon occurring at O°C. As a result, desiccant air 
conditioning is capable of handling the dew point of the air to 
—40 °C [3], whereas the counterpart of traditional vapor compres- 
sion air conditioning (VAC) is 4 °C [4]. 

As desiccants can be either solid or liquid, desiccant air 
conditioning systems can be classified into two categories, namely, 
solid desiccant air conditioning systems, which consist of fixed bed 
type and rotary wheel type, and liquid desiccant air conditioning 
systems. Due to being advantageous in handling latent heat load, 
all these technologies have been used widely. Especially, rotary 
desiccant air conditioning systems, which are compact and less 
subject to corrosion and can work continuously, attract more 
attention. To date, extensive studies on rotary desiccant air 
conditioning have been carried out on the basis of mathematical 
simulation [5-7], thermodynamic analysis [8-10], experimental 
investigation [11-13] and practical application [14-16]. A lot of 
academic societies, research institutes, universities, companies, 
etc. [17], have been involved into these works, and significant 
improvements in system performance, cost and reliability have 
been achieved. 

Currently, ongoing research and development (R&D) works for 
rotary desiccant air conditioning technology have been directed at: 
(1) advanced desiccant materials; (2) optimum system configura- 
tions and corresponding practical applications. Earlier conducted 
works have been introduced in Refs. [18,19]. This paper will mainly 
focus on the recent efforts on these aspects and some earlier works 
are also included for consistence and integrity. Moreover, the 
obstacles and R&D needs for future works are summarized. 


2. Advanced desiccant materials 


Desiccant materials have been playing a crucial role in the 
development of desiccant air conditioning. The characteristics of 
the desiccant material being utilized impact the performance of 
the desiccant air conditioning systems significantly [20]. Com- 
monly used desiccant materials include activated carbon, activated 
alumina, molecular sieve, silica gel, lithium chloride, calcium 
chloride and etc. Two key principles for selecting appropriate 
desiccant materials are: (1) the desiccant materials should possess 
large saturated adsorption amount and can be reactivated easily; 


(2) the adsorption performance of the desiccant materials should 
approach the Type 1M material [19], which represents the 
optimum shape for air conditioning application, as shown in 
Fig. 1. It should be pointed out that, although the normalized 
loading fraction (actual desiccant water content at corresponding 
RH/maximum desiccant water content at RH = 100%) of Type 1E 
material is higher than that of Type 1M material, it also means 
more difficult to regenerate due to its nearly complete loading at 
very low RH [21,22]. 

Recent investigations on solid desiccant generally consists of 
four aspects, namely, modification of conventional desiccant [23- 
27], natural rock-based desiccant [28,29], bio-desiccant [30-34] 
and composite desiccant [3,35-50]. For rotary desiccant dehumi- 
dification, researchers are under way to find desiccant materials 
that approach the type 1M material in its sorption performance 
[19], and composites formed by confining salt to porous host 
adsorbent have been identified to be an effective way [35]. As is 
known, while the adsorption capacity of silica gel decreases 
quickly with the rise of temperature, especially when the partial 
pressure of water vapor is low, lithium chloride and calcium 
chloride have a higher hygroscopic capacity, but the lyolysis 
phenomenon, which leads to the loss of desiccant materials and 
may reduce the performance, often takes place after the formation 
of solid crystalline hydrate [36]. However, the developed porous 
silica gel- and haloids-based composite materials not only 
combine their advantages but also overcome the limited dehu- 
midification capacity of silica gel and the crystallization and 
corrosion problems of haloids. In addition, corresponding required 
regeneration temperature is significantly decreased, thereby 
facilitating the usage of low grade heat sources. 

Up to now, R&D efforts on composite desiccant have been 
performed widely. A number of silica gel-based composite 
desiccants have been developed. Kuma and Okano [38] have 
fabricated a silica gel and synthesized zeolite-based composite 
desiccant. Due to the combination of the merits of silica gel and 
zeolite, of which the adsorption capacities are favorable under high 
and low relative humidity, respectively, the composite desiccant 
material has been found to be capable of exhibiting an excellent 
humidity adsorbing ability and obtaining an ultra-low dew point, 
and thus could be applied to dehumidify air of very high humidity 
and achieve deep dehumidification. However, the processing 
technology is comparatively complicated. Aristov et al. [39-44] 
have fabricated some composite adsorbents with inorganic salt 
(CaCl, LiBr, SrClz, NaSO,4) and silica gel or SiOz sol-gel. The 
developed composites have been applied to two types of 
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Fig. 1. Comparison between adsorption isotherms of Type 1 extreme (1E), Type 1 
moderate (1M), linear, Type 3 moderate (3M), and Type 3 extreme (3E) [21,22]. 


132 D. La et al./Renewable and Sustainable Energy Reviews 14 (2010) 130-147 


equipment for adsorbing water from air and the dynamic and 
equilibrium adsorption performance have been tested. As 
reported, about 80% adsorbed water could be desorbed with 
corresponding desorption temperature in the range of 80-90 °C. 
Liu et al. [45,46] introduced a composite adsorbent SiO2-x- 
XH20-yCaClz that was fabricated with macro-porous silica gel 
and calcium chloride. The impacts of pore structure and mixture 
ratio were studied. They found that the equilibrium adsorbate 
uptake of the composite desiccant reached up to 0.4 g H20/g dry 
adsorbent at intake condition of 25 °C and 40% RH, which was 5.7 
times that of macro-porous silica gel, 2.1 times that of micro- 
porous silica gel, 1.9 times that of synthetic zeolite 13X and 6.8 
times that of activated carbon. Moreover, the water adsorbed in the 
adsorbent could be desorbed with low grade heat sources of 60- 
80 °C. Zhang and Jia [3,36] have investigated on silica gel-based 
composites impregnated with CaCl, and LiCl successively. The 
experimental research indicated that the moisture removal of the 
silica gel-CaClz wheel was larger than that of the conventional 
silica gel wheel by a mean value of about 20% at the regeneration 
temperature lower than 120°C under typical hot wet climates. 
Comparisons between the adsorption isotherms of silica gel-LiCl 
and traditional desiccants (silica gel and 13X molecular sieve) were 
performed at classic temperatures (25 °C, 35°C and 40°C). The 
results demonstrated that the adsorption capacity was improved 
by about 67-145%. 

Besides, Gonzalez et al. [47] have developed two kinds of 
sepiolite-based composite desiccants, namely sepiolite-activated 
carbon and sepiolite-calcium chloride. The former combines the 
hydrophilic and fibrous nature of the sepiolite with the hydro- 
phobic and porous structure of activated carbon and widens the 
application range of sepiolite (89-39%). The latter improves the 
adsorption capacity of sepiolite substantially and enhances the 
ability of sepiolite as humidity controller due to the impregnation 
of calcium chloride. 

By confining CaCl, to mesoporous host matrix MCM-41, 
Tokarev et al. [48] synthesized a new working material. It was 
reported that, the water sorption was a combination of a liquid 
absorption and a heterogeneous adsorption. Moreover, although 
the specific surface area of the MCM-41 reduced from 1050 m?/g to 
325 m?/g, its absorptivity increased up to 0.75g water/g dry 
sorbent, which ensured a high energy storage capacity of 2.1 kJ/g. 

On the basis of clay-CaClz, Thoruwa et al. [49] have developed 
three low cost, solar regenerative composite desiccants. Experi- 
mental results of the moisture sorption and regeneration 
characteristics demonstrated that these materials could be used 
for solar crop drying and air dehumidification due to the low 
regeneration temperature sub 100 °C. 

Moreover, Mathiowitz et al. [50] have proposed a novel concept 
for the preparation of desiccants based on polymeric blends. 
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Fig. 2. Water vapor adsorption isotherms for: (a) silica gel at 25 °C [36]; (b) silica 
gel-LiCl at 25 °C [36]; (c) sepiolite at 23 °C [47]; (d) sepiolite-carbon by physical 
activation with steam at 23 °C [47]; (e) sepiolite-carbon by chemical activation with 
KOH at 23 °C [47]; (f) CaCl2-SiO} sol-gel at 25 °C [43]; (g) CaClz-MCM-41 at 20°C 
[48]; (h) silica gel-LiBr at 20 °C [42]. 


Firstly, a hydrophilic channeling agent is blended with a 
hydrophobic polymer to produce interconnecting hydrophilic 
channels within the hydrophobic polymer. Then a water-absorbing 
material is blended into the polymeric matrix to become 
distributed within the hydrophilic portion. The composite can 
be shaped into different figures and is suitable to pharmaceutical 
and industrial applications. 

Fig. 2 shows the water vapor adsorption isotherms of several 
desiccant materials mentioned above. It is obvious that composite 
desiccants improve adsorption capacity significantly. 


3. Progress in system configuration 


Fig. 3 illustrates the basic operating principle of rotary desiccant 
dehumidifier schematically. As seen, the desiccant material is 
impregnated into a support structure. The cross section of wheel is 
divided into process air side and regeneration air side by clapboard. 
When the wheel constantly rotates through two separate sections, 
the process air is dried by the desiccant due to the adsorption 
effects of the desiccant material and support material. At the same 
time, the regeneration air is humidified after being heated by a 
heater and desorbing the water from the wheel in tandem. It 
should be noted that the desiccant dehumidification process is 
close to an isenthalpic procedure, namely, it merely converts latent 
energy to sensible energy and produces no useful cooling. 
Therefore, in order to accommodate cooling effect, auxiliary 
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Fig. 3. Schematic diagram of rotary desiccant dehumidifier [7]. 
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Fig. 4. Pennington cycle. 


cooler, like evaporative cooler and other air conditioning equip- 
ments, must be incorporated to remove the sensible heat; and the 
performance of desiccant air conditioning systems are principally 
determined by the system configuration when the desiccant 
material, wheel structure and operation condition are invariant. 
For this reason, extensive types of rotary desiccant air conditioning 
systems have been proposed and studied both analytically and 
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Fig. 5. Modified ventilation cycle. 


experimentally [19,51-93]. To provide an overview of the research 
situation, both the conventional rotary desiccant air conditioning 
cycles and the recent developed technologies will be described in 
this section. 


3.1. Basic rotary desiccant dehumidification and air conditioning 
processes 


The first patent on rotary desiccant air conditioning cycle was 
introduced by Pennington in 1955 [52]. Fig. 4 shows the 
Pennington cycle, also known as ventilation cycle, schematically 
and psychometrically. Ambient air at state point 1 is adopted as 
process air and passes through a desiccant wheel (DW), where its 
moisture is removed and temperature is increased due to the 
adsorption heat effect. Then this hot dry air is sensibly cooled from 
state point 2-3 in a heat exchanger (HE). Whereafter, the process 
air is evaporatively cooled to supply air state by passing through a 
direct evaporative cooler (DEC). On the regeneration air side, 
return air at state point 5 is cooled and humidified in another DEC. 
This air is then sensibly heat exchanged with the process air to 
precool the process air and pre-heat itself. The warm air stream is 
then further heated from state point 7-8 by the heat source (HS). 
After regenerating the DW, the air is exhausted at state point 9. 

Since the building exhaust of room air is not centralized or is not 
located in a convenient location for co-processing of ambient air 
for some applications, a modified ventilation cycle (Fig. 5), which 
also processes ambient air to the building, but uses ambient air for 
regeneration, is proposed. It is obvious that, the thermal 
performances including thermal coefficient of performance 
(COP) and specific cooling capacity would be reduced in 
comparison with standard ventilation cycle due to that both the 
humidity ratio and temperature of ambient air are usually higher 
than that of return air. 

To elevate the cooling capacity, recirculation cycle, which is a 
variation of Pennington cycle and reuses return air as process air, is 
developed. As depicted in Fig. 6, ambient air is used for 
regeneration in this cycle. Due to the humidity ratio and 
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Fig. 6. Recirculation cycle. 
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Fig. 7. Dunkle cycle. 


temperature are relatively low, the thermal COP of this cycle is 
commonly no more than 0.8 [19]. The main disadvantage of 
recirculation cycle is lacking in fresh air. 

Dunkle cycle [53] combines the merits of ventilation cycle, 
which can provide cold air with relative low-temperature for the 
HE, and recirculation cycle, which can provide the conditioned 
space with relative large amount of cooling capacity. As seen in 
Fig. 7, an extra heat exchanger is incorporated. Like recirculation 
cycle, Dunkle cycle is also limited by the lack of fresh air. 

It is obvious that fresh air not only means comfort and health but 
also represents an additional load. Furthermore, many cooling loads 
do not require that outdoor air be the source of system. Hence, fresh 
air should be maintained at the required level to ensure both 
favorable system performance and good indoor air quality. In view of 
this, Maclaine-cross [54] proposed a simplified advanced solid 
desiccant cycle, namely, SENS cycle. Fig. 8(a) illustrates the 
schematic of the SENS cycle. As seen, ambient air is first 
dehumidified in a DW. Then the air is sensibly cooled in two HEs 
in tandem. Afterwards, it is mixed with certain amount of return air 
and cooled further in a cooling coil (CC) by exchanging heat with cold 
water from a cooling tower (CT). Then the air stream is divided into 
two parts. While one part is redirected to the CT and exhausted after 
exchanging heat with the process air in a HE, the other part is 
supplied to the conditioned space. On the regeneration side, ambient 
air is pre-heated in a HE. It is then heated by HS, drawn through the 
DW and exhausted back to the outdoors. Mathematical modeling 
predicted that the SENS cycle can achieve a thermal COP above 2.0. 
Moreover, testing at the Solar Energy Applications Laboratory at 
Colorado State University [19] demonstrated that the thermal COP of 
this cycle was about 2.45 under ambient conditions of 26 °C and 26% 
RH. However, this cycle is blocked by its complexity. REVERS cycle 
[55] is a simplified version of SENS cycle with the only change of 
removing a HE, as shown in Fig. 8(b). 

Fig. 9 depicts the direct-indirect evaporative cooling (DINC) 
cycle proposed by researchers in Texas A&M University [56]. 
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Fig. 8. (a) SENS cycle and (b) REVERS cycle. 


Differently from REVERS cycle, the CC and CT are replaced by an 
indirect evaporative cooler (IEC) and a DEC. This change simplifies 
the system configuration further. In addition, only an IEC is added 
in comparison with modified ventilation cycle. As Waugaman [56] 
predicted, the thermal COP of DINC cycle could be over 1.6 under 
ARI conditions. 


3.2. Staged regeneration 
To improve the thermal performance of rotary desiccant air 


conditioning systems, staged regeneration, which was proposed 
and patented by Glav in 1966 [57], has been reintroduced [58-61] 
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for desiccant regeneration. As illustrated in Fig. 10, after being pre- 
heated in the HE (from state point 6-7), only a fraction of the 
regeneration air is heated by the HS (from state point 7-8), while 
most of the regeneration air is introduced to the pre-regeneration 
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Fig. 10. Staged regeneration cycle. 


area directly. Obviously, the regeneration process includes two 
stages, namely, 1st stage regeneration in the pre-regeneration side 
with relative low-temperature and without additional heating, and 
2ed stage regeneration in the regeneration side with desired high 
temperature provided by an additional HS. Basically, the desiccant 
is first pre-heated and pre-regenerated with low-temperature 
heat, and then is further regenerated with a much smaller amount 
of high-temperature heat. 

Collier and Cohen [58] compared the effect of staged 
regeneration on improving the thermal COP of desiccant systems 
with that of the addition of inert heat capacity to the desiccant 
matrix. It was found that, although both of the two methods 
increased thermal COP by sacrificing cooling capacity, staged 
regeneration combined with low heat capacity was superior to 
adding inert heat capacity to the desiccant matrix in elevating 
system performance. As suggested by the authors, the best system 
performance would be obtained by staging the regeneration 
process while minimizing the amount of inert heat capacity. 
Worek et al. [59] have reported that high performance for a 
ventilation cycle could be achieved by using Type 1M material 
regenerated at 165 °C, with a staged regeneration fraction of 16%. 
Moreover, staged regeneration is advantageous in not only 
reducing the size of HE, and thus reducing system size and cost, 
but also lowering the requirement of effectiveness of HE without 
extra loss in performance. 


3.3. Isothermal dehumidification 


Due to the effect of adsorption heat released during the 
dehumidification process, the temperature of the process air is 
increased and its relative humidity is decreased. As a result, the 
vapor difference, which is actually the driving force for dehumidi- 
fication, is reduced, and corresponding dehumidification ability is 
limited then. Because of this, much higher regeneration temperature 
is required to obtain desired dehumidification capacity, especially 
for high humid climates. To combat this problem, isothermal 
dehumidification is of great importance, since it can minimize the 
irreversibility of dehumidification and cool the process air 
sufficiently [12,13,62-66]. The basic idea is as follows: when the 
air flows alternatively over infinite desiccant wheels and inter- 
coolers, its thermodynamics procedure would be close to isother- 
mal. Fig. 11 shows psychrometrically the air treatment process of an 
ideal multi-stage system in comparison with a one-stage system. 
With other conditions unchanged, the regeneration temperature of 
an ideal infinite multi-stage desiccant cooling system would be the 
minimum and the consumption of regeneration heat would be 
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Fig. 11. Comparison between one-stage and multi-stage system in psychrometric 
chart. 
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reduced for the heat recovery measures via adopting intercoolers. 
Therefore, both the thermal performance and applicability would be 
improved significantly. 

Meckler [62] has proposed a two-stage solid desiccant air 
conditioning system integrating with a HVAC system. An enthalpy 
exchanger is employed to pre-cool and pre-dehumidify the process 
air by exchanging sensible and latent heat with return air from 
conditioned space without addition of external heat or regenera- 
tion. Afterwards, conventional desiccant wheel is used to 
dehumidify the air further with external heat. As reported, 30- 
50% of the dehumidification task could be accomplished by the 
enthalpy exchanger. This kind of two-stage system has also been 
introduced by Henning [63]. Besides, Gershon Meckler Associates, 
P.C. (GMAPC) [64] has developed a two-stage desiccant unit for 
fast-food restaurants. In the unit, two desiccant wheels, two heat- 
pipe exchangers, two direct-gas heaters, two heat recovery wheels 
and two evaporative coolers are arranged alternatively. The 
regeneration air streams are first cooled in the evaporative coolers 
and then pass though the heat recovery wheels to adsorb heat 
transferred from the process airs. Behind the heat recovery wheels, 
the airstreams are heated by the heat-pipe heat exchangers, which 
transfer heat from regeneration airs exiting the desiccant wheels, 
and the direct-fired gas heaters in tandem. The heated air streams 
then pass through the desiccant wheels and reactivated the 
desiccant. Under design conditions, the thermal COP of this two- 
stage system was 0.89. It was demonstrated that the annual 
electric energy use and energy cost by the desiccant unit were 60% 
and 40% less than that of the VAC unit, respectively. Moreover, 
Zhang and Niu [65] have discussed the use of low regeneration 
temperature in a two-stage desiccant cooling system. Simulation 
results showed that lower regeneration temperature was required 
than for a single-stage desiccant cooling system. 

Lately, researchers in Shanghai Jiao Tong University (SJTU) 
[12,13] have successively developed two types of two-stage 
system, namely, two-stage rotary desiccant cooling (TSDC) system 
using two desiccant wheels and one-rotor two-stage rotary 
desiccant cooling (OTSDC) system based on one wheel, as depicted 
in Figs. 13 and 14. The main difference lies in the division of the 
cross-section of the wheel. As seen in Fig. 12, while the cross- 
section of the TSDC system is of the same as conventional desiccant 
wheel with one-stage dehumidification process, of which the 
cross-section is divided into two parts: one for process air and the 
other for regeneration air, the cross-section of the OTSDC system is 
divided into four parts: two for process air and two for 
regeneration air. Newly developed silica gel-lithium chloride- 
based composite desiccant, with relative better moisture removing 
capacity and lower regeneration temperature requirement, has 
been utilized. Besides, internal coolers have been incorporated to 
achieve further improvement in system performance. It has been 
found that both of the two systems can be driven by heat sources 
above 50°C and achieve favorable thermal COP over 1.0. As 
reported by Ge et al. [12], for the TSDC system, the required 
temperature for reaching a moisture removal about 6 g/kg was 
decreased from 100 °C to 70 °C in comparison with conventional 
one-stage system under ARI summer condition. In addition, the 
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Fig. 12. Schematic of cross-sections: (a) TSDC and (b) OTSDC [13]. 
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Fig. 13. Two-stage desiccant cooling system. 


OTSDC system reduced size by about half in comparison with the 
earlier developed TSDC system, which would be of great benefit to 
the promotion of rotary desiccant air conditioning system in 
residential buildings. The air treatment process of the OTSDC 
system is similar to that of the TSDC system in tendency, and thus 
its psychometric chart would not be illustrated here. 


3.4. Hybrid desiccant air conditioning systems 


Notice that, desiccant cooling systems described above handle 
sensible heat load via over-drying the process air to permit its 
further cooling by direct or indirect evaporative cooling. In the case 
of hot and humid climates, the cooling capacity of these systems 
would be limited due to the possible dehumidification may be not 
high enough to enable evaporative cooling of the supply air [63]. To 
output qualified supply air, other air conditioning technologies, 
such as traditional VAC unit and absorption cooling machine, 
should be incorporated to constitute hybrid system. Fig. 15 
illustrates a typical hybrid desiccant air conditioning system 
schematically and psychrometrically [67]. As can be seen, the 
latent heat load and sensible heat load are removed by the 
desiccant wheel and evaporator, respectively. On the regeneration 
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Fig. 14. One rotor two-stage desiccant cooling system. 


D. La et al./Renewable and Sustainable Energy Reviews 14 (2010) 130-147 137 


AA Evaporator 


Humidity ratio (kg/kg) 


0. 
O 10 20 30 40 50 60 70 80 90 100 
Dry bulb temperature (°C) 


Fig. 15. Hybrid desiccant cooling system [67]. 


side, the airstream is first pre-heated through recovering heat from 
the condenser before being heated by the heat source. Advantages 
of this combination are as follows: (1) improved indoor air quality 
for the independent control of temperature and humidity ratio; (2) 
lower regeneration temperature than that of desiccant-only 
system due to less moisture is required to be removed by the 
desiccant wheel; (3) substantial overall energy conservation since 
the condenser providing most of the regeneration heat; (4) 
downsized VAC unit for handling only sensible heat load; (5) 
improved performance of VAC unit due to operation at higher 
evaporation temperature. 

A great many theoretical investigations on hybrid desiccant air 
conditioning system have been carried out [19,68-77,79-85]. 
Corresponding research activities are mainly as follows. 


3.4.1. Hybrid desiccant and VAC unit 

Most of existing R&D works on hybrid desiccant systems are of 
this kind. Burns et al. [68] have studied the performance of three 
possible hybrid system configurations in supermarket applications 
and have compared their performance with traditional VAC system 
on the basis of the concept of weighted energy consumption, with 
one unit of electrical energy weighted twice that of thermal energy. 
As reported, a total air conditioning saving ranging from 56.5% to 
66% could be achieved for specified design conditions (ambient 
conditions: 30 °C, 16 g/kg da; indoor conditions: 24 °C, 10.4 g/kg; 
room sensible heat ratio: 0.35). Also, Dhar and Singh [69] have 
evaluated the performance of four hybrid cycles, which included a 
new proposed cycle and the cycles proposed by Burns et al. [68], for 
typical hot-dry and hot-humid weather conditions, using the 
analogy method of Maclaine-Cross and Banks [70]. The effects of 
room sensible heat factor, ventilation mixing ratio, and regenera- 
tion temperature have been studied. It was found that solid 
desiccant-based hybrid air conditioning systems gave substantial 
energy savings in comparison with conventional vapor compression 
refrigeration-based air conditioning systems in most commonly 


encountered situations. Besides, Sheridan and Mitchell [71] have 
analyzed the performance of a hybrid desiccant cooling system for 
hot-humid and hot-dry climates. The results showed that the 
energy savings ranged from 20% to 40% in high sensible heat load 
applications and the hybrid system saved more energy in a hot-dry 
climate than that in a hot-humid climate, where it might even use 
more energy than a conventional system. Maclaine-Cross [72] has 
investigated the feasibility of gas-fired hybrid desiccant cooling 
systems for medium to large general air conditioning projects. The 
desiccant unit, which consists of a regenerative dehumidifier, heat 
exchanger, evaporative cooler, heating coil and fans, handles the 
fresh air, latent and part of the sensible heat load. The remaining 
sensible heat load is removed by a gas engine driven VAC plant. 
Analysis results suggested that half of the energy costs could be 
saved for Australian conditions, if the waste heat was recovered to 
fire the desiccant unit. Worek and Moon [73] have modeled the 
performance of a desiccant integrated hybrid VAC system. The 
waste heat rejected from a VAC cycle is utilized to activate a solid 
desiccant dehumidification cycle directly. The performance sensi- 
tivity of a first generation prototype hybrid VAC system to variable 
outdoor conditions has been studied and compared to the 
performance of conventional VAC systems. Results showed that 
the performance improvement over VAC systems could be 60% at 
the same level of dehumidification under ARI summer conditions. 
Capozzoli et al. [74] presented a case study by comparing a 
traditional HVAC system to hybrid systems with chemical 
dehumidification for supermarket applications. It uses the dynamic 
simulation codes (DOE and DesiCalc™) and test reference year data 
(TRY). Based on annual operating costs estimation, large savings 
were obtained with hybrid systems. Besides, considerable reduction 
of electric energy demand and better control of thermal-hygro- 
metric conditions were noted. These resulted in a simple payback of 
about 1 year. Furthermore, a virtual retrofitting operation on 30% of 
the existing HVAC systems in Italian supermarkets showed 
significant operating cost savings. Elsayed et al. [75] have evaluated 
and examined the feasibility and performance of air cycle 
refrigerator driving air conditioning system integrated desiccant 
system. The results indicated that the system performance, which 
increased with the outdoor air ratio, highly depended on the ratio of 
the amount of outdoor intake air to the supply air. It was also 
suggested that the system had a potential to become a good 
alternative for the conventional VAC system with low environ- 
mental load, especially for applications need high outdoor air ratio 
and a precise control of indoor humidity. Moreover, Mazzei et al. [4] 
have reviewed the moisture control in buildings. Various possible 
AHU configurations were examined and HVAC systems for a theatre 
and for a supermarket were analyzed. Compared with the 
traditional VAC system, following advantages of hybrid systems 
have been summarized: remarkable savings in operating costs and 
higher plant costs (a simple payback time of 2-3 years for 
supermarket), notable reduction of power electric demand and 
better control of ambient humidity. Ghali [76] have simulated the 
transient performance of a hybrid desiccant VAC system for the 
ambient conditions of Beirut. The annual energy consumption of the 
hybrid system in comparison with the conventional VAC system has 
been studied for the entire cooling season. A pay back period less 
than five years was achieved. Turner et al. [77] have carried out 
some investigations on heat pump desiccant wheel systems driven 
by internal combustion engine. Part of the regeneration energy is 
supplied by the engine exhaust heat. Predicted results showed that 
much favorable energy saving potential could be achieved in 
comparison with all-electric pump at several different US climates. 


3.4.2. Hybrid desiccant and absorption chiller 
Due to both of the two integrated technologies are thermally 
powered, the hybrid system can be operated with only a small 
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amount of eclectic power consumption. Furthermore, this integra- 
tion is suitable for cascaded utilization of energy, since absorption 
systems usually need to be driven with higher temperature heat 
(single-effect: 80-100 °C, thermal COP 0.7; double-effect: 140- 
160 °C, thermal COP 1.1-1.2 [63]) than that of desiccant systems 
(50-80 °C, thermal COP above 1.0 [78]) and the exhaust heat from 
absorption systems can be reused by desiccant systems. Hence, 
much more energy can be saved. However, the temperature 
requirement of heat source will also be increased, so that the 
performance of absorption systems can be ensured. Schinner and 
Radermacher [79] have combined an air desiccant system with a 
single-stage ammonia-water absorption system to develop a 
triple-effect system. It is advantageous in using off-the-shelf 
components. Four cases have been analyzed to determine the 
optimum operating conditions of the desiccant/absorption system. 
It was predicted that the most efficient use of the system would 
result using outdoor air as the process air and return air for the 
regeneration. To ensure operation near its optimum efficiency, the 
combined system needed to be integrated with the control scheme 
of the overall HVAC system. 


3.4.3. Hybrid desiccant and adsorption chiller 

Like absorption systems, adsorption systems are also driven by 
thermal energy. However, the required temperature grade is much 
lower (60-85 °C, thermal COP 0.3-0.5 [78]). Dai et al. [80] have 
proposed a hybrid solar cooling system for cooling grain. In this 
system, a rotary desiccant wheel is used for dehumidification, 
while a solar adsorption collector acts as both an adsorption unit 
and a solar collector. The special design, with the solar adsorption 
collector placed on the roof of the grain depot, reduced the heating 
load from sunshine to a greater extent. Analysis results demon- 
strated that the new hybrid system performed better than the solid 
adsorption refrigeration system alone. Under typical conditions, 
the thermal COP of the system was above 0.4 and the outlet 
temperature was below 20 °C. 


3.4.4. Hybrid desiccant and chilled-ceiling 

This method utilizes the advantages of chilled-ceiling, such as 
lower indoor temperature difference and higher evaporative 
temperature in comparison with traditional HVAC system, which 
lead to more comfortable indoor environment and better system 
performance. Besides, the integrated desiccant system can meet 
the latent heat load of conditioned space and prevent chilled- 
ceiling from surface condensation. Zhang and Niu [81-85] have 
done a series of researches on chilled-ceiling-based hybrid 
desiccant air conditioning system. The results indicated that 
chilled-ceiling combined with desiccant cooling saved significantly 
amount of primary energy consumption, in comparison with a 
conventional constant volume all-air system. Besides, majority of 
annual operating hours for desiccant regeneration could be 
accomplished by low grade heat of less than 80 °C with the new 
cycle. It was found that dehumidification and ventilation prior to 
cooling panels operation was required to reduce condensation 
risks in hot and humid climates, and 1-h in advance dehumidifica- 
tion/ventilation in summer could completely eliminate the 
condensation problems. 

Additionally, some experimental researches have also been 
reported [67,86-89]. Subramanyam et al. [86,87] studied a 
desiccant wheel integrated air-conditioner for low humidity air 
conditioning. It works similar to recirculation mode, with the 
return air passing through the regeneration section, evaporator 
and dehumidification section in tandem. While the desiccant 
wheel dehumidifies and heats the supply air, the regeneration of 
desiccant is accomplished by the return air, which gets cooled and 
humidified, without additional heat source. Compared with the 
conventional reheat system, the system delivered supply air at 


much lower dew point temperature with a marginal penalty on 
COP. It was suggested that an optimum wheel speed of about 
17.5 rph existed at which both moisture removal capacity and COP 
were maximum. Li et al. [67] have experimentally studied a hybrid 
desiccant dehumidification air conditioning system, which 
adopted LiCl desiccant wheel, at typical operative ranges for air 
conditioning applications, particularly for high humid regions like 
Hong Kong. Experimental results showed that the latent heat was 
removed by desiccant wheel, while the sensible heat was 
effectively handled by an indirect evaporative cooler and conven- 
tional air conditioner. The regeneration temperature as well as 
process air flow rate had a significant role on the system 
performance. Moreover, the hybrid system achieved a higher part 
load performance, and hence assured its effective operation all 
year around in hot humid regions. Jia et al. [88] have carried out 
experiments on a hybrid desiccant air conditioning system. It was 
found that, 37.5% electricity powers was economized compared 
with the conventional VAC system at inlet conditions of 30 °C and 
55% RH. By establishing the thermodynamic model of the hybrid 
desiccant system with R-22 as the refrigerant, the impact of 
operating parameters on the sensible heat ratio of the evaporator 
and the electric power saving rate have been analyzed. As reported, 
a majority of evaporators could operate in the dry condition even if 
the regeneration temperature was lower (i.e. 80 °C). Khalid et al. 
[89] have performed experimental and simulation studies on a 
solar assisted pre-cooled hybrid desiccant cooling system for air 
conditioning applications in Pakistan. A gas fired pre-cooled hybrid 
desiccant cooling setup has been build to carry out the tests and a 
validated TRNSYS model of the same cooling system has been 
founded to simulated its solar performance. Simulation results 
demonstrated that better COP could be achieved using indirect 
evaporative cooler for pre-cooling and direct evaporative cooler for 
post-cooling of air. Based on the life cycle and economic 
assessments of solar air collector, energy and environmental 
payback periods were found to be 1 and 1.5 years, respectively. 


3.5. Desiccant air conditioning system producing both dry air and 
chilled water 


Considering that, for the purpose of removing the released 
adsorption heat in dehumidification process, existing desiccant air 
conditioning systems either combines desiccant dehumidification 
with direct/indirect evaporative cooling (desiccant-only system), 
which would be difficult to control accurately, or incorporates 
conventional VAC unit as auxiliary cooler (hybrid system), which 
still consumes certain quantity of electric power, an innovative 
system based on the technologies of two-stage rotary desiccant 
dehumidification and regenerative evaporative cooling has been 
proposed and investigated most recently by the authors [90,91]. 
Fig. 16 illustrates the schematic diagram and psychrometric chart 
of the system. As seen, the unit generally consists of two parts, 
namely, desiccant dehumidification and regenerative evaporative 
cooling. Here, a one-rotor two-stage desiccant dehumidifier with 
internal coolers is employed to minimize the adsorption heat, 
approach the isothermal dehumidification and obtain deep 
dehumidification. Different from the developed wet-surface heat 
exchanger-based systems [92-94], this system can simultaneously 
dehumidify the fresh process air and produce chilled water for 
space cooling due to the deep dehumidification and pre-cooling 
design before the procedure of evaporative cooling. According to 
the results of thermodynamics analysis and energy saving 
potential evaluation, the system achieved a thermal COP about 
1.0 and electric COP up to 9.03 under ARI summer condition. 
Corresponding power consumption and CO, emission were 
decreased by 72.69% in comparison with VAC system. Further- 
more, by changing the ratio of dry air, the cooling capacity for 
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DA: dry air; SW: supply chilled water; RW: return chilled water; 
RA: regeneration air; CEC: cross-flow evaporative cooler 
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Fig. 16. Desiccant cooling system producing both dry air and chilled water. 


handling latent and sensible heat loads could be adjusted, thereby 
realizing the purpose of affording cooling power without energy 
waste. Since the system works on thermal energy and realizes the 
independent temperature and humidity control just using free 
water and air without any assistance from traditional VAC unit, it 
would be more environmental friendly. 


4. Recent application 


The industry market of rotary desiccant dehumidification has 
been well-developed since the 1980s [1]. Corresponding rotary 
desiccant air conditioning system has also been experiencing an 
aggressive commercial application increase for several decades. 
With the more than half a century R&D in rotary desiccant 
dehumidification for comfort control as well as the increase of 
occupant comfort demands and deterioration of global energy and 
environment crisis, more and more commercial and building 
owners have been willing to invest in dehumidification equipment 
[95,96]. Hence, favorable market prospect can be expected. Due to 
the largest energy expenditure in a desiccant system is the heat 
used to reactive the desiccant, according to the heat source coupled 
with, rotary desiccant air conditioning systems can be generally 
classified into two categories in practical application, namely, 
solar-powered rotary desiccant air conditioning system and rotary 
desiccant air conditioning system powered by other low grade heat 
sources, such as district heating, heat supplied from a combined 
heat and power (CHP) plant, waste heat and bioenergy. In this 
section, several representative installed systems will be briefly 
described to show an overview of recent application status. 


4.1. Solar driven rotary desiccant air conditioning systems 


Since the required temperature for an efficient regeneration of 
desiccant wheel is low, within the range of 45-90 °C [97], solar 
thermal system, which is advantageous in matching the cooling 
demand profile perfectly, is expected to provide a substantial part 


Fig. 17. Solar desiccant cooling system installed in Riesa, Germany [111]. 


of the energy needed for air conditioning. These have sparked 
growing interest in coupling rotary desiccant air conditioning and 
solar energy up. A lot of theoretical analysis-based researches have 
been performed [80,89,98-110] and some pilot projects have been 
implemented too [16,63,111-121]. 

Fig. 17 shows the solar assisted desiccant cooling system 
installed at a technology center in Riesa/Saxony, Germany 
[16,111]. A 330 m? conference room is air conditioned with a 
nominal air volume flow of 2700 m?/h. A flat plate collector system 
of 20 m? with a 2 m° hot water buffer storage tank is employed to 
drive the system. According to the outdoor conditions and cooling/ 
heating load, five operation modes of the system are possible, 
namely, active heating, heat recovery, free ventilation, adiabatic 
cooling and desiccant cooling (ventilation cycle). Besides, the 
ventilators of the system can be controlled to get variable flow 
rates to match the cooling load. Operating experience indicated 
that the system was operable with regeneration temperatures 
ranging between 50°C and 70°C. Results from measurements 


Fig. 18. Solar desiccant cooling system installed in Sintra, Portugal [111,112]. 
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showed that the system could achieve a maximum cooling output 
about 18 kW, a solar fraction for cooling in the range of 76% anda 
thermal COP in the range of 0.6. 

Funded by the EU’s THERMIE-program, ATECNIC, a manufac- 
turer of air conditioning equipment, installed a solar desiccant air 
conditioning system in Sintra, Portugal [111-113]. Fig. 18 shows 
the conditioned building, and the installed desiccant unit and 
collector array. A heat recovery wheel and a nozzle type humidifier 
are employed to pre-cool and humidify the process air. Also, a 
humidifier is adopted on the regeneration side for humidifying the 
return air. Being powered by the 75m? compound parabolic 
collectors, connected to a 3m? buffer tank with plate heat 
exchanger, the desiccant cooling unit works with variable airflow, 
up to a maximum of 9600 m?/h, with a maximum cooling power of 
75 kW and a maximum electric load of 15 kW. Thermal COP of this 
system was 0.78 at design conditions and expected solar fractions 
for cooling and heating were all 70%. 

A solar desiccant cooling system equipped with flat plate solar 
collectors of 22.5 m? and coupled with a radiant ceiling of 76.1 m? 
has been installed at University of Palermo, Italy, as shown in 
Fig. 19 [114]. A hot water tank and an auxiliary boiler are 
employed. Also, a back-up water-to-air chiller is integrated into 
the air treatment process. Two cooling coils are placed before and 
after the desiccant wheel to pre-cool and pre-dehumidify the 
process air, and control the air temperature when the heat 
recovery cooling (indirect evaporative cooling) is not sufficient for 
this task. Part of the rejected heat is delivered to the air stream for 
the regeneration of the desiccant wheel by placing a condensing coil 
on the regeneration side. Generally, while the radiant ceiling is 
designed to meet the sensible load in case of moderate people 
occupation of the rooms, the solar desiccant cooling unit will meet 
latent and part of the sensible load in case of higher occupation 
patterns. This solar desiccant air conditioning system covered a peak 
summer load for 28.8 kW with an expected thermal COP of 0.86. 

In Orbassano, Italy, a hybrid photovoltaic (PV)/thermal 
collector-based solar desiccant cooling system has been 


Fig. 19. Solar desiccant cooling system installed at University of Palermo, Italy 
[114]. 


implemented recently [115,116]. As illustrated in Fig. 20, the 
system consists of hybrid PV-thermal collectors, a gas powered 
CHP trigeneration system, a reversible heat pump and a desiccant 
wheel dehumidification plant, connected to the electric grid and 
the air conditioning plant of the building. It has been developed on 
the basic idea of removing the waste heat from photovoltaic cells 
for its successive utilization through the convective airflow behind 
the PV panels. While the photovoltaic elements produces electric 
energy, which is used to feed a heat pump and internal electrical 
requirements, the forced air circulation beneath the modules cools 
the cells and recovers the thermal fraction of captured solar 
radiation, which is used to condition the kitchen. As reported, the 
system operated as follows: during all the year, the PV and the 
cogeneration plants fed the heat pump and the internal electric 
loads; in summer, the heat recovered from the hybrid facade and 
the cogenerator was used for dehumidifying the renewal air, while 
the heat pump was employed for cooling application; in winter, 
the heat generated from both the facade and cogenerator was used 
for heating. 

Besides, five pilot rotary desiccant cooling systems, which are 
within Task 25 on “Solar Assisted Air Conditioning of Buildings” in 
the Solar Heating & Cooling Programme of the International Energy 
Agency, have been installed and monitored in Freiburg/Germany, 
Hartberg/Austria, Mataro/Spain, Lisbon/Portugal and Waalwijk/ 
Netherlands, respectively [117-119]. Corresponding design values 
of cooling capacity are, respectively, 50 kW, 30 kW, 55 kW, 36 kw 
and 22 kW. The plant installed in Freiburg (Fig. 21) has been 
designed as a solar autonomous system, which is powered by a 
standalone solar air collector system of 100m? without any 


Cogenerator $ 
< ™~ 


> 


SO S 
Uj Heat pump 


Outdoor 


Fig. 20. Solar desiccant cooling system installed in Orbassano, Italy [115]. 
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Fig. 21. Solar desiccant cooling system installed in Freiburg, Germany [117]. 


back-up heat and thermal storage. Differently, the plant in 
Hartberg (Fig. 22) is a biomass/solar driven system utilizing 
12 m? evacuated tube collectors, the desiccant cooling system in 
Mataro (Fig. 23) is coupled with a combined solar thermal energy 
system adopting a photovoltaic solar air pre-heating system as 
well as solar air collectors of 105 m2, the system in Lisbon (Fig. 24) 
is incorporated with a heat pump and assisted by compound 
parabolic collectors of 51 m?, and the installation in Waalwijk 
(Fig. 25) is driven by a series of flat plate collector of 33 m?. 

In China, a demonstration solar villa, which integrated the 
technologies of solar desiccant cooling system, solar hot water 
system, solar heated swimming pool and sunshade, has been built 
in Himin Solar Company [120,121]. As shown in Fig. 26, solar air 
collectors on the roof of building are used to drive desiccant cooling 
system. The construction area of the building is 300 m2. Results of 
typical run showed that, when the outdoor temperature was 
29.3 °C and 36.2% RH, the desiccant cooling unit output air of 
20.3 °C and 76.2% RH, which maintained the conditioned rooms at 
24.2 °C and 54% RH. 


Fig. 22. Solar desiccant cooling system installed in Hartberg, Austria [117]. 


Fig. 23. Solar desiccant cooling system installed in Mataro, Spain [117]. 


Moreover, researchers in SJTU have recently designed and 
installed two newly developed two-stage desiccant cooling 
systems (principle similar to Figs. 13 and 14, respectively) in 
Jiangsu and Shanghai, which are all in southeast China and have 


Fig. 24. Solar desiccant cooling system installed in Lisbon, Portugal [117]. 
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Fig. 25. Solar desiccant cooling system installed in Waalwijk, Netherlands [119]. 


hot and humid climate in summer. These installations have 
realized deep dehumidification without high regeneration tem- 
perature and big initial investment in solar collectors. Fig. 27 
shows the solar-powered TSDC system installed in an office 
building in Jiangsu. Internal coolers are employed to minimize the 
adsorption heat and approach the isothermal dehumidification. An 
air-source VAC unit is incorporated to ensure the operating 
continuity in cloudy and rainy weather. Flat plate solar collectors 
are also adopted to ensure good integration with building. The 
system has been put into operation and its performance has been 
monitored during the summer of 2008. Under typical weather 
condition, it was found that the solar-powered desiccant cooling 
unit was energy efficient, achieving an average cooling capacity 
above 10 kW with corresponding average thermal COP and electric 
COP over 1.0 and 10, respectively. This suggested that the system 
could convert more than 40% of the received solar radiation to the 
capability of air conditioning in sunny days. In addition, over one 
third of cooling capacity of the hybrid air conditioning system was 
contributed by solar-powered unit, which then reduced power 
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Fig. 26. Solar desiccant cooling system installed in Himin Solar Co., China [120]. 


Fig. 27. Two-stage solar desiccant cooling system installed in Jiangsu, China. 


consumption by about one fourth in comparison with traditional 
air-source VAC system alone. 

Fig. 28 illustrates the installed OTSDC system at SJTU. An office 
of 23.2 m° is conditioned. The designed cooling capacity of this 
system is 5 kW. Solar air collectors of 15 m? are used to produce 
hot air. In summer, the solar heated air is introduced into the unit 
to regenerate the desiccant wheel. In winter, the system can work 
in two different modes, namely, direct solar heating mode and 
solar heating with desiccant humidification mode. For the former, 
after the solar collector, the process air is supplied to room directly. 
For the latter, except being heated in the collector, the process air is 
further humidified in the desiccant wheel and handled to a more 
comfort state. Test works on this system have been carrying out 
since last winter. It is expected that thermal COP about 1 and solar 
COP about 0.5 can be achieved under cooling mode. Moreover, 
based on primary tests under heating modes, fresh air above 
30°C could be provided and the solar heating with desiccant 


Fig. 28. One-rotor two-stage solar desiccant cooling system installed at SJTU, China. 
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humidification was promising due to the functions of simulta- 
neously heating and humidifying the process air and conditioning 
the space to a better state. 


4.2. Rotary desiccant air conditioning systems powered by other low 
grade heat sources 


As is known to all, solar energy depends on weather conditions 
and geometrical position greatly and even in area with abundant 
solar radiation, the performance of solar collector would be poor 
and could not totally meet the heat requirement of thermal- 
powered unit in cloudy and rainy weather. For these reasons, most 
installed desiccant cooling systems are coupled with gas burner, 
district heating or heat from a CHP plant, etc. [4,15,122-136]. To 
date, extensive applications have arisen, especially in locations 
with high moisture production rate or requiring tight control over 
moisture levels, such as supermarket, ice arena, theater, store- 
house and hospital operating room [4,122]. 

Fig. 29 shows the rotary desiccant cooling system developed by 
SEMCO Co., USA [127,128]. A direct expansion cooling coil with 
variable speed compressor and an inverter-driven supply blower 
are integrated to pre-cooling the process air and control the flow 
rate of the process air. This system is coupled with total recovery 
modules and operates as dedicated outdoor air units Sponsored by 
US Department of Energy, four such systems have been installed at 
Pepperell High School in Georgia [129]. A natural gas-driven 
engine generator is adopted to power the systems. Heat recovered 
from the engine is used to regenerate the desiccant wheels during 
the cooling season and for heating the supply air during the winter 
months. As reported, the indoor air quality was improved 
significantly, contaminants such as formaldehyde were reduced 
to desired levels, microbial problems were eliminated, and CO2 
level was decreased. Furthermore, by combining an electrical 
efficiency of 33.4% with a thermal efficiency of 37.2%, an overall 
system efficiency of 70.5%, far higher than the 45% efficiency 
typical of a commercial distribution grid, was achieved. Results 
demonstrated that peak electrical demand at the site was reduced 
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Fig. 29. Desiccant cooling system installed in Georgia, USA [127,128]. 


by more than 100 kW. Also, approximately 21% cooling and 29% 
heating season energy costs were reduced. 

Researchers in CSIRO (Commonwealth Scientific and Industrial 
Research Organisation) [130,131] have installed a rotary desiccant 
cooling system at Hornsby Central Library in Sydney, Australia. As 
can be seen in Fig. 30, it is a microturbine-based cogeneration 
system, which can output cooling, heating and power. Powered by 
natural gas, the microturbine generates certain quantity of electric 
power, most of which is used as general power for the library. Any 
excess electricity can be transferred back to the main electricity 
supply grid and any shortfall will be supplied from the grid. In 
cooling mode, the heat exhausted by the microturbine is used to 
drive the desiccant dehumidifier. The cool dry air is then further 
cooled with either a direct evaporative cooler or with the existing 
conventional air conditioning plant before being delivered into the 
library. In heating mode, the exhaust heat is used to indirectly heat 
the incoming air through a rotary heat exchanger. Test results 
showed that the utilization rate of natural gas was increased 
greatly, and thus primary energy consumption was reduced. 

Similarly, a hybrid system, which combines a microturbine, a 
waste heat-driven LiBr/H20 absorption chiller and a rotary desiccant 
air conditioning system, has been implemented at a mid Atlantic 
University [132]. The system has been integrated with the existing 
electric-powered roof top unit. As illustrated in Fig. 31, the main 
difference from the unit in Sydney is the adoption of the absorption 
chiller, which is driven by the exhaust heat from the microturbine 
and outputs chilled water. The waste heat leaving the chiller is used 
to power the desiccant unit. The process air is first dehumidified in 
the desiccant cooling system (DCS) and then sensibly cooled to 
supply state by exchanging heat with the produced chilled water. 
Preliminary data indicated the total energy utilization from 
conversion of natural gas was 78.2%, with a 19% electric conversion 
efficiency and 59.2% heat utilization efficiency. In addition, the 
conversion efficiency of waste heat for cooling was 68% in the 
absorption chiller and 30% in the desiccant unit. 

Fig. 32 shows the geothermal energy incorporated demonstra- 
tion plant for desiccant air conditioning in the building of the ship 
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Fig. 30. Desiccant cooling system installed at Hornsby Central Library in Sydney, 
Australia [130]. 
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Fig. 31. Desiccant cooling system installed at a mid Atlantic University, USA 
[132,133]: 


measurement and control systems company Hoppe Bordmes- 
stechnik in Hamburg, Germany [15,134-136]. Borehole heat 
exchangers (with a nominal cooling capacity of 30 kW) are 
incorporated to cooperate with the desiccant cooling system 
and to realize independent temperature and humidity control. 
Besides, a small CHP-plant (12 kW heat, 5 kW electrical output) 
and a condensing boiler are employed to feed a storage water tank. 
In summer, while the desiccant cooling system removes the latent 
heat load, the borehole system handles the sensible heat load 
through radiant floor cooling (23 kW) as well as cooling the process 
air in the desiccant cooling system (7 kW). In winter, the radiant 
floor is switched to heating mode and fresh air is supplied to the 
room after being pre-heated in the recovery wheel. Based on this 
system, 1300 m? office rooms and manufacture halls of in total are 
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Fig. 32. Desiccant cooling system installed in Hamburg, Germany [15,135]. 


conditioned. And the designed cooling capacity of the desiccant 
cooling unit is 7.5 kW at an air flow rate of 2500 m?/h. It was 
reported that up to 70% primary energy saving was achieved by 
using desiccant air conditioning with borehole heat exchangers. 
Compared with conventional air conditioning system, the running 
costs of the system were reduced drastically, without increasing 
starting costs. 


5. Conclusions and perspectives 


Rotary desiccant air conditioning is a typical thermally 
activated technology, which mainly consumes low grade heat 
sources as solar energy, district heating, waste heat, etc., thereby 
alleviating the peak electric demand caused by traditional air 
conditioning systems. Especially, based on the recent progress in 
desiccant material and system configuration, more and more 
practical applications have been implemented around the world. 
This is a significant stride in comparison with the earlier research 
works, which were primarily performed on computer analysis [19]. 

While the most widely used desiccant materials in market, 
namely silica gel and lithium chloride, are either limited by 
dehumidification capacity or problematic for crystallization and 
corrosion, composite desiccants combine the merits of existing 
desiccants and overcome these problems by confining salt to 
porous host adsorbent, and have been recognized as a better 
choice. Additionally, the reduction in regeneration temperature 
and the increment in dehumidification capacity over a wide range 
will be of great benefit to utilizing low-temperature heat and 
expanding the application of desiccant air conditioning. 

The majority of existing rotary desiccant air conditioning 
systems originates from the typical basic configurations, such as 
ventilation cycle, recirculation cycle and Dunkle cycle. And these 
cycles are appropriate for different applications, for example, 
ventilation cycle is recommended for conditioned-space with high 
outside air requirement, whereas recirculation cycle is suitable to 
space requiring much less fresh air. Besides, on the basis of the 
basic system configurations, some advanced technologies, namely, 
staged regeneration, isothermal dehumidification, hybrid desic- 
cant air conditioning, and desiccant air conditioning producing 
both dry air and chilled water, have been developed and 
investigated to lower the reactivation requirement, ensure the 
operation stability, and improve the thermal utilization rate and 
energy saving potential. Among these technologies, staged 
regeneration reduces the consumption of high temperature heat 
by pre-heating and pre-regenerating the desiccant and is 
advantageous in reducing the size and effectiveness requirement 
of heat exchanger; isothermal dehumidification minimizes the 
irreversibility of dehumidification via adopting multi-stage design 
and intercoolers, which results in much lower regeneration 
temperature and less heat consumption; hybrid desiccant air 
conditioning is most researched due to it integrates the merits of 
desiccant dehumidification system and other air conditioning 
systems, downsizes system size and improves system performance 
significantly; desiccant air conditioning producing both dry air and 
chilled water is a novelly proposed technology using desiccant 
dehumidification and regenerative evaporative cooling and is 
worthwhile for future research for its outstanding property of 
realizing independent temperature an humidity control without 
any assistance from VAC unit. 

Being coupled with solar energy and other low grade heat 
sources, more and more rotary desiccant air conditioning systems 
have been installed recently. The traditional niche markets have 
been expanded greatly from special areas like electronics, food, 
storage and pharmaceutical, to supermarket, restaurant, school, 
hospital, office building, etc. [1]. District heating and waste heat- 
based systems are becoming mature, particularly in the case of CHP 
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systems being integrated. Renewable energy sources as bioenergy 
have also been investigated and suggested to be usable. Although 
solar-powered desiccant cooling is still at the stage of demonstra- 
tion, it has attracted much more interesting than that powered by 
any other heat sources due to the advantages of renewability and 
good match with cooling demand solar energy preserves. 
Furthermore, when heating and domestic hot water systems are 
combined, the economic performance would become considerable 
too. 

For the sake of health and comfort, indoor air quality attracts 
increasing attention, just as the increased levels of outdoor air 
addressed in ASHRAE standard, which represents increased total 
cooling load and latent load especially. On the other hand, 
traditional VAC system only focuses on controlling space dry bulb 
temperature, whereas space dehumidification is coincidental. 
Moreover, due to the usage of CFCs and the consumption of a 
large amount of electric power, traditional VAC system has caused 
deteriorating energy crisis and environmental pollution. To solve 
these problems, rotary desiccant air conditioning system is 
considerable, since its thermally driven, CFCs free and moisture 
removal characteristics. As recent researches have reduced the 
capital cost and increased the system performance significantly, 
rotary desiccant air conditioning system is becoming an alter- 
native to the traditional VAC system. However, to eliminate the 
obstacles lying between researches and markets, following 
guidelines are recommended for further research and develop- 
ment: 


(1) Development of high adsorbability, low regeneration tempera- 
ture and low cost desiccant materials. Composite desiccants as 
silica gel-lithium chloride can satisfy the requirements of 
dehumidification and regeneration and shall be a good choice. 
However, its processing technology is complicated to some 
degree, which leads to relative high cost. 

(2) Development of staged regeneration or multi-stage dehumi- 
dification systems to reduce reactivation temperature 
requirement and increase thermal utilization rate. Especially, 
in hot humid climates, for low-temperature regeneration 
applications, dehumidification demands can barely be meet 
without the adoption of staged regeneration or multi-stage 
dehumidification. Besides, when solar thermal system is 
incorporated, the advantages of staged regeneration and 
multi-stage dehumidification are further represented by low 
cost solar collector (e.g.: flat plate solar collector and 
evacuated tube solar collector) and beautiful integration with 
the building. 

(3) Determination of optimum operating strategies to improve 
system applicability. Due to the variation of ambient and 
indoor air states with time, weather, season and location, the 
thermal and electric performance of the rotary desiccant air 
conditioning system will be actually determined by the control 
strategy on operation mode. 

(4) Design of small and compact systems, in order that rotary 
desiccant air conditioning system can be expanded to the 
residential buildings, thereby reducing building energy con- 
sumption. 

(5) Standardization of production process. Standardized air con- 
ditioning design and analysis tools will not only decrease initial 
cost but also be beneficial to market development. 

(6) Transfer of knowledge of desiccant air conditioning. As a novel 
technology, rotary desiccant air conditioning has obtained 
much less recognition by the public and the HVAC profes- 
sionals even. 


In conclusion, further improvement in energy utilization rate, 
reduction in cost and size, and standardization in design and 


production are the key issues faced by the rotary desiccant air 
conditioning technology for achieving more extensive application. 
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